Background: A high sugar diet leads to obesity and insulin resistance in Drosophila. Results: The metabolic fate of dietary glucose is reprogrammed in high sugar-fed and lean animals. Conclusion: Obesity is protective against the deleterious effects of a high sugar diet. Significance: An emerging perspective that obesity is protective against sequelae of human metabolic disease is conserved in the fly.
SUMMARY
The Drosophila fat body is a liver-and adiposelike tissue that stores fat and serves as a detoxifying and immune responsive organ. We have previously shown that a high sugar diet leads to elevated hemolymph glucose and systemic insulin resistance in developing larvae and adults. Here, we used stable isotope tracer feeding to demonstrate that rearing larvae on high sugar diets impaired the synthesis of esterified fatty acids from dietary glucose. Fat body lipid profiling revealed changes in both carbon chain length and degree of unsaturation of fatty acid substituents, particularly in stored triglycerides. We tested the role of the fat body in larval tolerance of caloric excess. Our experiments demonstrated that lipogenesis was necessary for animals to tolerate high sugar feeding, as tissue-specific loss of orthologs of ChREBP (carbohydrate response elementbinding protein) or Stearoyl-CoA desaturase 1 (Desat 1) resulted in lethality on high sugar diets. By contrast, increasing fat content of the fat body by knockdown of king-tubby was associated with reduced hyperglycemia and improved growth and tolerance of high sugar diets. Our work supports a critical role for the fat body and dChREBP in metabolic homeostasis in Drosophila.
Caloric restriction has been the subject of much study in model organisms. More recently, caloric excess has been shown to elicit many of the same negative consequences in model organisms as have long been observed in humans (1) (2) (3) (4) (5) (6) (7) . Work from our lab and others has shown that feeding Drosophila a high sugar diet (HSD) results in a model of type 2 diabetes (T2D) that includes hyperglycemia, obesity, insulin resistance, cardiac arrhythmias, and reduced lifespan [(4,8) , Na, Musselman et al in press].
Drosophila larvae eat continually and store fat for metamorphosis as they develop, making them a convenient model system for studying relationships between nutrition and obesity. The Drosophila fat body (FB) is an organ that serves the roles of adipose tissue, liver, and the immune system. The FB is the animal's primary fat storage depot as well as the source of antimicrobial peptides, endocrine mediators of neuronal function, and cytochrome p450 enzymes that catalyze detoxification and biosynthetic reactions (9) (10) (11) (12) . FB insulin and adipokinetic hormone (glucagon ortholog) signaling can control 2 lipid storage in a manner similar to that in human liver (13, 14) . Therefore, we studied the role of the Drosophila FB in the response to an HSD.
High calorie diets are associated with nonalcoholic fatty liver disease, obesity, and insulin resistance in rodents and humans (2, (15) (16) (17) (18) , but the role of lipid accumulation remains controversial. An emerging concept is that obesity is protective against T2D (19, 20) . It has been postulated that obesity itself is not harmful, but when the capacity to store triglyceride (TAG) is exceeded, accumulation of saturated free fatty acids or their derivatives (called lipotoxicity) acts to damage tissues and contribute to the complications of T2D (21, 22 ).
We used biochemical and genetic approaches to understand lipid biology in the setting of caloric excess. We demonstrated that the Drosophila FB plays an essential role in systemic metabolic homeostasis in the face of dietary excess. The rates of synthesis from labeled glucose into fatty acids and lipid storage pools was reduced upon HSD rearing. Lipids were stored in larger droplets and contained TAG species with fatty acid substituents that had shorter carbon chains and a greater degree of unsaturation in the FBs of HSD-fed larvae, compared to those in larvae fed control diets. TAG storage in the FB ameliorated the adverse metabolic effects of HSDfeeding because hyperglycemia was exacerbated in lean animals and reduced when FB TAG content was increased in tissue-specific loss of function experiments. Our data support a model where TAG storage is protective when consuming an HSD. When the capacity to store TAG is exceeded during this form of caloric excess, we propose that dysregulated lipogenesis results in adverse consequences, which may include an increase in free fatty acids.
Experimental procedures
Fly lines and husbandry-Canton-S and cgGAL4 lines were from Bloomington Drosophila Stock Center. The control w 1118 , UAS-Dcr2, UAS-Mio i ,
UAS-desat1 i
, and UAS-King-Tubby i lines were from the Vienna Drosophila RNAi Center. Knockdown was confirmed by semi-quantitative RT-PCR of RNA from transgene-expressing flies. Diets were a modification of Bloomington SemiDefined Food, and contained 0.15M or 0.7M sucrose as the sugar source as described previously (4) . Larvae were reared from egg lay until wandering third instar and harvested from the vial wall for all experiments except tracer studies.
Stable isotope tracer experiments -[U-

13
C 6 ] glucose was used as 10% of dietary sugar in either 5% (control) or 34% (high) glucose Bloomington semi-defined food diets. Third instar Canton-S larvae were fed unlabeled diets until early third instar and transferred to tracer diets ( Figure 1A ). Twenty-five larvae were homogenized in water, and aqueous and hexane phases obtained as described (23) . Lipids from the organic phase were derivatized to fatty acid methyl esters using either iodomethane (nonesterified fatty acids, NEFA) or 10% acetyl chloride in methanol (total free + esterified fatty acids, TFA) and analyzed by GC/MS as described previously (23) . TFA and NEFA concentrations were determined by quantitative GC using a flame ionization detector relative to a known amount of C17:0 internal standard fatty acid added to the sample prior to processing (23) . We calculated the lipid derived from dietary sugar by multiplying the FA 13 C percent enrichment ( Figure 1C, 1D ) and the FA pool size (Table 1) for each condition. This product was then divided by the 13 C atom % enrichment in the tracer food ( Figure 1E ) as extrapolated from the trehalose labeling. The rates of synthesis of NEFA and TFA were then derived from the slopes of the plotted values. The distribution of mass isotopomers of TFA or NEFA methyl ester species was performed by GC/MS as previously described (24, 25) on an Agilent 5973 MSD instrument using a 30 m x 0.25 mm DB-5MS column. Isotopomer distributions of labeled glucose and trehalose were measured by GC/MS on trimethylsilyl derivatives. All GC/MS isotopic enrichments were corrected for the natural abundance of 13 C in larvae prior to the consumption of tracer diets. The total atom % excess 13 C content within TFA and NEFA was estimated from the measured fatty acid distribution profile and the total atom % excess 13 C for each fatty acid species calculated from the distribution of labeled isotopomers. (27) . For tandem MS, precursor ions selected in the first quadrupole were accelerated (32-36 eV collision energy) into a chamber containing argon (2.3-2.5 mtorr) to induce collisionally-activated dissociation (CAD), and product ions analyzed in the final quadrupole. Identities of lipid molecular species in the total ion current profiles were determined from their tandem spectra as described.
Electrospray ionization mass spectrometric analyses of glycerolipids -
Lipid droplet staining -For Nile Red staining, larvae were inverted and fixed in 4% paraformaldehyde for 20 minutes, then treated in 0.001% Nile Red in PBS for 30 minutes. Animals were washed, then fat bodies dissected out and mounted in Vectashield. Slides were imaged at 60X magnification on a Nikon confocal microscope.
Hemolymph glucose -Hemolymph was collected and assayed as previously described (4) .
Triglyceride assays -Total triglycerides were assayed as previously described (4).
Lipase assays -Measurement of lipase activity in larval homogenates was adapted from (30) as follows: ten larvae were homogenized in 200 µl citrate buffer, pH 5. 40µl homogenate was incubated with 150 µl excess glycerol tributyrate substrate (170 mM, sonicated to mix into citrate buffer) for 4 hours at 37˚C. After four hours, samples were spun to pellet debris, and 20 µl supernatant was added to 100 µl Free Glycerol Reagent (Sigma F6428), incubated at 37˚C for 30 minutes and read as per the manufacturer's instructions. Free glycerol levels in larvae measured immediately after homogenization were negligible (<5%).
Ketone assays -Six larvae were homogenized in PBS on ice and analyzed using the Wako Total Ketone Body assay kit (415-73301 and 411-73401) as per the manufacturer's instructions.
CoA determinations -Eighty larvae were homogenized in PBS on ice, treated with 25 mM DTT, and frozen at -80C. After defrosting, larval pellets and debris were removed by centrifugation and protein removed by TCA precipitation. The supernatant was washed with water-saturated ether and the aqueous phase dried and resuspended in buffer A. Free CoA was quantified using reversedphase HPLC with buffers and methods described in (31) using a CoA standard curve with a range of 0 to 20 nmol/sample for quantification. CoA eluted as a single peak around 28 minutes. Recovery of a CoA standard using this method was ~ 30%.
Gene expression -RNA was isolated from 75-150 wandering L3 FBs using Trizol, DNase treated, and purified using RNeasy columns (Qiagen). Poly-A RNA was used to generate a cDNA library as described (32) . An Illumina sequencer was used to generate 3-10 million reads per sample and the reads were aligned to the Drosophila genome sequence using TopHat (33) . Reads that aligned were considered for gene expression quantification with Cufflinks (34) using the MB8 genome annotation (which the Brent lab produced in its role as the informatics group for the Fly Transcriptome Group of NHGRI's modENCODE project). Gene expression was normalized using quantile normalization, and statistically significant differences (p<0.05) were identified using an unpaired, two-tailed Student's t-test. Complete expression data can be viewed at GEO with accession number GSE43734. (4) . We hypothesized that in the face of chronic exposure to HSD, this storage capacity is limiting, leading to altered processing of dietary carbon and the mT2D phenotypes. To determine how HSD feeding alters carbon flux, we undertook a novel approach using stable isotope tracer methodology with uniformly 13 C-labeled glucose to study the partitioning of carbons from dietary glucose ([U- 13 C 6 ] glucose). Flies were fed diets in which [U- 13 C 6 ] glucose made up 10% of the total added glucose content. The fate of dietary [U- 13 C 6 ] glucose was tracked into non-esterified fatty acids (NEFA) and total fatty acids (TFA). These two pools were of interest because free, non-esterified fatty acids are thought to be toxic, whereas TAG-esterified fatty acids are likely to be inert in human adipose and liver (35, 36) . Wild-type animals were reared on unlabeled control or HSD foods until the early third larval instar and were then transferred to labeled foods ( Figure 1A) . Transfer experiments allowed us to evaluate the chronic effects of HSD rearing, and also simplified the comparison between labeled foods. HSDs reduced larval weight in these experiments, similar to published data from our lab [ Figure 1B , (4)].
RESULTS
Metabolic
After consuming labeled food for up to 24 hours, larvae were collected and homogenized, and lipids were extracted for determination of free and total fatty acid 13 C content by GC/MS. For both labeling conditions, we observed significant 13 C-labeling of individual fatty acids (C14:0, C16:1, C16:0, C18:1, C18:0) in the NEFA and TFA pools (data not shown). The relative percentage of 13 C-labeling increased over the 24 hour labeling period and was similar for each free fatty acid except for C18:0 in both NEFA and TFA, which consistently exhibited lower 13 C enrichment at each time point (data not shown). NEFA species exhibited higher 13 C enrichment after consumption of the labeled HSD compared to labeled control food and was not affected by the rearing diet ( Figure 1C ). When reared on control diets, TFA 13 C enrichment was similar to that observed for NEFA ( Figures 1C, 1D) . In contrast to control rearing, larvae reared on HS diets synthesized TFA that incorporated a lower fraction of 13 C-labeled carbons than did NEFA ( Figure 1C,  1D ). The lower TFA 13 C enrichment in HSDreared larvae persisted for at least 24 hours after transfer to 13 C labeled HS or control food (3.6 ± 0.06 SEM vs 5.2 ± 0.06 atom % and 1.1 ± 0.02 vs 2.0 ± 0.1 atom %, respectively, Figure 1D ). These results support a model that larvae fed an HSD increased the incorporation of dietary sugar into lipids but chronic exposure to HSD resulted in a diminished ability to store dietary sugar as lipid.
From a technical standpoint, the higher level of 13 C enrichment observed in larvae fed an HS tracer diet might have been due in part to less dilution of the tracer by other metabolically active sugars and carbohydrates. To estimate the atom % content of metabolically available 13 C in each diet, we measured the 13 C enrichment into trehalose. The incorporation of tracer into trehalose occurred more rapidly than for NEFA or TFA ( Figure 1C , 1D, 1E). Based on the monoexponential rise to plateau in trehalose 13 C content, we calculated that the bioavailable 13 C was 8.1% in control (0.3 M glucose) and 9.2% in HSD (2 M glucose) foods, respectively ( Figure 1E ). These values were used to determine the synthesis rates of NEFA and TFA derived from dietary carbohydrates (see below). The rate of 13 C enrichment observed in the fatty acids is a function of both the rate of synthesis from the bioavailable 13 C and the size of the preexisting pool of that fatty acid. The pre-existing lipid pool size for TFA was larger in HSD-reared larvae (Table 1) , which contributed to the initial decrease in the observed 13 C enrichment in TFA.
The NEFA and TFA synthesized from dietary bioavailable carbohydrate carbons after transfer to the tracer diets are shown in Figures 1F  and 1G . NEFA synthesis on a 13 C control diet was independent of the rearing diet (94.4 ± 3.3 SEM pmol FA/larva/hr for control-reared, and 95.7 ± 4.0 for HS-reared). By contrast, on the HS 13 C tracer diet, larvae reared on control food had a higher rate of synthesis of NEFA from dietary carbohydrates compared to HS-reared larvae (359.9 ± 9.5 vs 212.4 ± 6.7 pmol FA/larva/hr, Figure 1F ). When compared to NEFAs, the rates of synthesis of TFAs were 20-30 times higher, yet also demonstrated effects of the rearing diets. HSD-reared larvae exhibit a much reduced rate of TFA synthesis from dietary carbohydrates 5 compared to those reared on control food regardless of the tracer diet: 5.06 ± 0.25 vs 6.92 ± 0.30 nmol FA/larva/hr for HS 13 C labeling; 1.19 ± 0.05 vs 2.56 ± 0.11 nmol FA/larva/hr for control labeling conditions ( Figure 1G ). These differences between NEFA and TFA synthesis rates supported the hypothesis that prolonged consumption of an HSD diminished the rates of synthesis of lipids from dietary sugar and led us to more closely examine the processing of dietary glucose into NEFA and TFA.
Incorporation of glucose carbons into fatty acids occurs through a two-carbon acetyl-CoA intermediate that can be either singly (m+1) or doubly (m+2) labeled. An (m+2)-labeled acetylCoA molecule arises directly from [U- 13 C 6 ] glucose through glycolysis-derived pyruvate by way of citrate and exported for FA synthesis, whereas singly labeled acetyl-CoA molecules have undergone one or more rounds of the citric acid (TCA) cycle and/or been diverted to other paths such as conversion to phosphoenolpyruvate for gluconeogenesis, before export from the mitochondrion as citrate for lipogenesis ( Figure  2A ). Therefore, the ratio of (m+2)/(m+1) isotopically labeled fatty acids (isotopomers) reflects the metabolic route of carbon atoms derived from dietary glucose. Larvae fed the labeled HSD exhibited higher (m+2) and (m+1) content in NEFA compared to larvae fed labeled control food, which was due in part the higher percentage of 13 C labeling of sugars in the food as well as a general increase in lipogenesis induced by the HSD. Interestingly, neither the diet on which the larvae were reared nor the tracer diet had much effect on the NEFA isotopomer distribution six hours after transfer to 13 C diets ( Figure 2B ). By contrast, the isotopomer labeling pattern in TFA clearly reflected the sugar content of the diet on which the larvae were reared. HSDreared larvae transferred to either labeled HSD or control food exhibited marked reductions of the (m+2)/(m+1) ratio in TFA compared to larvae reared on control food and then switched to a 13 Clabeled diet ( Figure 2C ). The reduced ability of larvae to generate TFA from m+2 FAs persisted for 24 hours, although larvae transferred from HS to control diets did partially restore the ability to use m+2 acetyl-CoA ( Figure 2D ), correlating with an increase in growth ( Figure 1B ). The strikingly different isotopomer labeling patterns of NEFA compared to those of TFA indicate that NEFA and TFA were derived from different pools of acetylCoA and that TFA synthesis was more greatly affected by HSD rearing. Taken together, these results support a model in which processing of dietary carbohydrate into esterified fatty acids stored in the fat body (FB) is fundamentally altered in chronically HSD-fed larvae ( Figure 2A ).
The FB lipidome is affected by diet. To determine whether HSD consumption affects FB content of individual glycerolipid molecular species, ESI-MS/MS analyses were performed on FB lipids extracted from larvae raised on control food or a 0.7 M sucrose HSD ( Figure 3A , B). Wandering third instar larvae were studied because this postfeeding stage exhibits many diet-dependent phenotypes, including obesity and insulin resistance (4) . The relative abundances of various glycerolipid classes in FB were found to be similar to those previously reported for whole flies. The major lipid classes were TAG and phospholipids (PL), and less than 10% of total lipid comprised diglycerides, ceramides, and free fatty acids [data not shown, (37) ]. We therefore examined the molecular species of TAG and PL further. Tandem mass spectra indicated that the predominant fatty acid substituents in larval FB TAG had carbon chain lengths of C16 or C18, with some C14 and even less C12 ( Figure 3C ).
When TAG species were represented by the sum of the carbon chain lengths of and the total number of double bonds in their FA substituents, HSD consumption was associated with a reduction in mean total chain length compared a control diet (C47.053 ± 0.042 vs. C47.300 ± 0.017, p=0.0054). This is illustrated by the lower relative abundance of longer chain (C50 and C52) TAG species and a higher relative abundance of shorter chain (C44, C46, C48) TAG species in FB of HSD-fed larvae compared to those fed a control diet ( Figure 3D , 3E). HSD-fed larvae also exhibited an increase in the mean total number of double bonds (∆1.549 ± 0.002 vs. Only one species of phosphatidylglycerol (PG) was observed in larval FB, albeit at levels just slightly above background (data not shown). Tandem mass spectra indicated that the most abundant PC species contained C16:1 and C18:1 FA substituents (data not shown). When FB PC species were represented by the sum of the carbon chain lengths of and the total number of double bonds in their FA substituents ( Figure 4A ), HSD consumption led to a reduction in mean total chain length (C32.259 ± 0.016 vs. C32.429 ± 0.027, p = 0.00543) compared to a control diet, reflected by a lower relative abundance of longer chain (C34 and C36) PC species and a higher relative abundance of shorter chain (C32 and C28) PC species in HSD-fed larvae compared to those fed control food ( Figure  4B ). HSD-feeding had little effect on the double bond content of FB PC fatty acid substituents ( Figure 4C ).
Phosphatidylethanolamine in FBs from larvae reared on an HSD exhibited trends in chain length and unsaturation that were similar to those for TAG but of smaller magnitude ( Figure 4D-F) . The composition of larval FB PI ( Figure 4G ) was also affected by HSD in a manner similar to that for TAG with a decrease in mean total carbon chain length (C33.180 ± 0.015 vs. C33.322 ± 0.033, p=0.017), as reflected by a lower relative abundance of longer chain (C34 and C36) PI species in FB and a higher relative abundance of shorter chain (C32) PI species for HSD larvae compared to those fed control food ( Figure 4H ). An increase in mean double bond content (∆1.438 ± 0.002 vs. ∆1.292 ± 0.009, p = 2.28 x 10 -4 ) of FA substituents in FB PI was also observed for HSDfed larvae, as reflected by a higher relative abundance of doubly unsaturated species and a lower relative abundance of monounsaturated species for HSD-fed larvae compared to those fed control food ( Figure 4I ). These findings indicate that caloric excess affected the carbon chain lengths and degree of unsaturation of fatty acid substituents of glycerolipids in larval FBs.
HSDs increase the steady-state levels of NEFA and ketones. Our tracer studies demonstrated differences in the ability of larvae to channel dietary glucose carbons into stored fat versus NEFA. Given the proposed role of NEFA in pathophysiology of insulin resistance, we measured NEFA in larvae and found them to be elevated on an HSD ( Figure 5A ). One potential source of NEFA could be lipolysis; however, lipase activity was markedly reduced in larvae fed HSD ( Figure 5B , consistent with an increase in NEFA synthesis by an HSD and an attempt by the animal to retain these FA in a stored form. Expression profiling studies also suggested that lipogenesis, lipid storage, and β-oxidation were increased on an HSD (4). Beta-oxidation could lead to increased ketones, which are another potential source for use in generating NEFA. Ketone concentrations increased in larvae reared on an HSD compared with those reared on control food ( Figure 5C ). Finally, Coenzyme A (CoA) is required for NEFA to undergo β-oxidation or esterification into TAG, and might be expected to be limiting in a setting of excess NEFA. CoA is also required for ketone production and many other cellular processes. Free CoA was measured and was decreased on an HSD ( Figure 5D ), although the difference was not significant (p=0.18).
Lean larvae are intolerant of an HSD. In response to excessive nutrient consumption, both mammals and flies increase fatty acid synthesis and esterification into TAG storage pools (2, 4, 38, 39) . We previously observed that HSD-fed wandering third instar larvae exhibited gene expression changes that reflect increased lipogenesis and decreased lipolysis (4). These results are consistent with TAG accumulation in the FB, the major lipid storage organ, in HSD-fed larvae (4). To determine whether the HSD-induced rise in FB TAG content is protective or maladaptive, we used fat body-specific RNA interference ( i ) to manipulate lipid storage. The expression of two putative lipogenic genes, Mio (CG18362) and desat1(CG5887), was increased by feeding an 7 HSD to larvae (4) so these genes became candidates of interest.
To generate lean FBs, we targeted Mio, which encodes a protein homologous to mammalian ChREBP, a carbohydrate-responsive transcription factor that upregulates glycolytic and lipogenic gene expression in response to increased intracellular sugar levels (40) . We also targeted Stearoyl-CoA desaturase 1 (Desat1), which is a transcriptional target of vertebrate ChREBP. Vertebrate Desat1 is an enzyme that catalyzes conversion of saturated long chain fatty acids into monounsaturated fatty acids and also participates in TAG synthesis (41). Interestingly, larvae with FB-specific loss of either Mio or Desat1 were unable to tolerate an HSD of 1M sucrose (data not shown). A high sucrose diet is likewise lethal to lean mouse ChREBP mutants (42) , implying that upregulation of these genes in the FB upon chronic HSD feeding protects against caloric excess ( Table  2) . We therefore used an HSD of 0.7 M sucrose to study these mutants. Both cg-GAL4; UAS-Mio i and cg-GAL4; UAS-desat1 i larvae were smaller than wild-type larvae reared on the 0.7 M HSD ( Figure 6A ). HSD-reared cg-GAL4; UAS-Mio i and cg-GAL4; UAS-desat1 i larvae contained less TAG than control larvae ( Figure 6B ). Imaging the lipid droplets in the FB revealed an apparent reduction of lipid storage in cg-GAL4; UAS-Mio i and cg-GAL4; UAS-desat1 i larval fat bodies compared to controls ( Figure 6C-6F ). Upon consumption of the 0.7 M HSD, both of these lean animals exhibited increased hemolymph glucose concentrations, compared with controls ( Figure  6G, 6H ). This suggests that fat storage in the FB protects against deleterious effects of an HSD.
Lipogenesis is protective against hyperglycemia in HSD-fed Drosophila larvae. To examine further the functional role of FB lipid storage in the face of a HSD, we increased larval fat content by generating an FB-specific loss-of-function mutant of king-tubby (CG9398), which is the fly ortholog of the mammalian Tubby gene. Loss of Tubby is correlated with obesity in mice, worms, and humans (43) (44) (45) (46) (47) . Wandering third instar cg-GAL4;UAS-king-tubby i were larger than stagematched controls when reared on the HSD ( Figure  6I ). Consistent with the role of Tubby in other organisms, cg-GAL4;UAS-king-tubby i larvae exhibited increased TAG accumulation compared to control animals fed an HSD ( Figure 6J ). Obese cg-GAL4;UAS-king-tubby i larvae had significantly lower hemolymph glucose levels ( Figure 6K ), consistent with a protective role of fat storage against the development of diet-induced diabetes in Drosophila.
An HSD affects gene expression and lipid content in a Mio-dependent fashion in the FB. To study how HSD consumption causes changes in FB physiology, we profiled gene expression in the FB of control and HSD-reared wandering third instar larvae. A total of 456 downregulated genes and 528 upregulated genes were determined to be differentially expressed in FBs of HSD-fed larvae compared to controls, using a paired t-test with a cutoff of p < 0.05 and no fold-change requirements (Table S1 ). As expected, genes encoding enzymes involved in glycolysis, lipogenesis, and trehalose synthesis and transport were upregulated in HSD-fed larvae (Table 2) . Surprisingly, chronic HSD feeding resulted in increased expression of enzymes involved in glycogenolysis, gluconeogenesis, and fatty acid beta-oxidation (Table 2 ). GOstat (48) was used to group expression changes into categories that are expected to influence cellular pathway activity. A relatively large number of cytochrome p450 oxidoreductases were significantly downregulated by chronic HSD feeding (Table 3) , as were the expression of many stress response proteins (Table  3) . Note, however, that cytochrome p450 4e3 is the fourth most highly upregulated gene (18-fold, p<0.01) in HSD-fed larvae (Table S1 ). Genes encoding five glutathione S-transferases were downregulated in HSD-fed larvae (GEO accession GSE43734). Other genes that GOstat identified as upregulated in response to HSD-feeding encoded several proteins localized to ER and Golgi and enzymes involved in tRNA aminoacylation (Table  3) .
To understand how the transcription factor Mio might lead to reduced viability and a systemic disruption of lipid homeostasis in response to HSD-feeding, we profiled gene expression in cg-GAL4; UAS-Mio i larval FBs on a 0.7M sucrose HSD. A total of 1683 downregulated genes and by guest on November 15, 2017 http://www.jbc.org/ Downloaded from 8 1869 upregulated genes were found to be differentially expressed in FBs of control and Mio mutant HSD-fed larvae using a paired t-test with a cutoff of p < 0.05 without fold-change requirements. Consistent with the hypothesis that ChREBP is largely a transcriptional activator of glucose catabolism, we observed a decrease in expression of genes involved in glycolysis, pyruvate metabolism, and lipogenesis in Mio mutant fat bodies, many of which were induced by the HSD (Tables 2, 4 , and S1). One of the most highly upregulated categories, however, were lipases, consistent with the leanness observed in these mutants. Expression of enzymes controlling the levels of ketone and CoA substrates for fatty acid synthesis were also misregulated in cg-GAL4; UAS-Mio i FBs (Table 4) . Transcription of genes encoding many members of the insulin signaling pathway was significantly reduced in mutants, which may account for part of the hyperglycemia observed in cg-GAL4; UAS-Mio i HSD-fed larvae (Table 4) . Proteases, mitochondrial and ribosomal proteins in cg-GAL4; UAS-Mio i larval FBs were GO categories of interest as those that may be repressed by ChREBP (Table 5 ). GO analysis also suggested that growth and the immune response are reduced at the transcriptional level in Mio mutant fat bodies (Table 5 ).
Because our analyses implicated Mio in the control of lipid metabolism, and Mio is essential for tolerance of HSDs, we characterized the lipid composition of Mio mutant FBs by ESI-MS ( Figure 7) . Lipid levels of all types analyzed were reduced in Mio mutant FBs, comprising TAG, PI, PC, and PE (data not shown). Specific substituents were also affected in cg-GAL4; UASMio i mutants. We observed an increased mean carbon chain length of the fatty acid substituents (C47.908 ± 0.042 vs. C47.053 ± 0.042, p = 0.0018) in FB TAG from HSD-fed cg-GAL4; UAS-Mio i mutants compared to controls ( Figure  7A, 7B) . Fatty acid substituents seemed to be more saturated in Mio mutant FBs, compared with controls, although these data were not highly significant ( Figure 7C ). NEFA and ketones were measured in cg-GAL4; UAS-Mio i mutants. FB Mio knockdown marginally affected NEFA levels (12% reduction, p<0.08), whereas ketones were reduced significantly, compared with wild-type larvae on the 0.7M HSD (Figure 7D, 7E) . Interestingly, lipase activity was not increased in cg-GAL4; UAS-Mio i larvae despite a strong increase in expression of most lipases, compared with wild-type larvae on a 0.7M HSD ( Figure 7F ). Together, these data suggest that Mio transcriptionally controls lipogenesis, lipid storage, and fatty acid substituent length and saturation in the fly.
DISCUSSION
Caloric excess is associated with several human pathologic states, including cancer, obesity, and cardiovascular and liver diseases, and aberrant tissue lipogenesis correlates with disease severity (49) (50) (51) (52) (53) (54) . Here, we have explored the effects of HSDs on lipid metabolism in the simple model organism Drosophila. We observed a switch in metabolism of dietary glucose in HSD-reared larvae that attenuated FA esterification. The fate of carbon atoms from dietary glucose was dependent on the rearing diet of the larvae: carbons were more directly incorporated into esterified lipids in larvae reared on the control diet compared to HSreared animals. Lipogenesis was required in the fat body for tolerance of HSDs, suggesting that this pathway acts protectively against the deleterious consequences of HSD consumption, which may result from high free fatty acid or reduced CoA concentrations. Our results in the fruit fly support a model in which excess dietary sugar is stored as TAG; when the capacity of the FB to store fat is exceeded, negative consequences for growth and metabolism ensue.
A metabolic switch in larvae reared on an HSD. In healthy larvae, energy from dietary sugar is stored as FB TAG. When dietary sugar consumption is excessive, larvae must accommodate an increased flux of sugar-derived lipids into storage forms. Stable isotope labeling studies revealed that HSD feeding affected both the rate and route of dietary glucose metabolism (Figures 1, 2) . Of note, some of the HSD's effects on growth and metabolic diversion of glucose carbons can be reversed after transfer to a control diet ( Figures 1B, 2C, 2D) . Animals reared on an HSD initiated a robust transcriptional response toward increasing TAG storage in the FB (Table 2) , which suggests that larvae attempted to incorporate excess sugar into 9 stored fat but that their ability to do so was limited. Rerouting of dietary carbons may be one mechanism by which the animal accommodates dietary excess. Both TCA cycle and gluconeogenesis are increased at the transcriptional level by an HSD (Table 2 ). These could contribute to a metabolic detour for dietary carbon to produce more singly-labeled acetate in HSD-reared larvae (Figure 2A) . Much of the decrease in TFA synthesized from dietary glucose can be accounted for by the reduction in doublylabeled, directly synthesized FAs, suggesting that this re-routing affects the rate of synthesis of TFA from dietary carbohydrate in HSD-reared larvae. Interestingly, HSD-induced re-routing of dietary glucose carbons did not occur in the NEFA pool, and this pool was affected differently by rearing diet than the TFA pool ( Figures 1C-1D , 1F-1G, and 2B-D). Thus, the precursors for synthesis of free and esterified fatty acids reside in two distinguishable pools in whole larvae. These different fatty acid pools might reside in distinct anatomic compartments, such as FB and muscle or oenocyte, tissues known to be involved in fat metabolism (55) . They could also represent lipogenesis in two subcellular locations, perhaps by one of three different fatty acid synthases (CG3523, CG3524, and CG17374) encoded in the fly genome.
Flux of excess dietary carbon into stored TAG can protect
Drosophila from HSD-induced hyperglycemia. Classical studies have identified several Drosophila mutants with perturbed glucose and lipid homeostasis (reviewed in (56)). We used a tissue-specific approach to study the role of the FB in regulating glucose disposal and energy storage. Our results support a model in which FB lipogenesis protects against deleterious effects of HSD consumption. In general, we have found that lean animals consistently have decreased viability on an HSD, whereas fatter animals exhibit improved growth and hemolymph sugar homeostasis ( Figure 6 and data not shown). Our results indicate that Mio acts as the Drosophila ChREBP ortholog (dChREBP). Similarly, reducing king-tubby expression resulted in increased larval size and adiposity, resembling mammalian Tubby mutants (44, 45, 47) .
Interestingly, tubby mutant mice are normoglycemic despite severe adult-onset obesity (44) . These and other studies support an emerging, protective role for fat storage that appears to be evolutionarily conserved (see below).
Dysregulated metabolite pools may contribute to toxicity of HSD.
While it is tempting to speculate that an individual lipid or metabolite impairs growth and disrupts glucose and lipid metabolism in wild-type larvae fed an HSD, it is more likely to be dysregulation of multiple pathways that together result in insulin resistance. We found changes in NEFA, CoA, and ketone levels in HSD-fed larvae. NEFA excess might be expected to increase β-oxidation and lipid storage, and we observed an increase in expression of enzymes that direct these processes. The increased ß-oxidation could deplete essential metabolites such as CoA, which is required for more than 100 enzymatic reactions. HS diets may have reduced CoA modestly, but the difference was not statistically significant. It is difficult to know the physiologic relevance of a small decrease in CoA levels; however there was a transcriptional response to increase CoA levels (pantothenate kinase and acyl-CoA thioester-hydrolase were upregulated 1.8-fold and 10-fold, respectively; Table 2 ). Finally, decreased CoA levels would also impair the ability to use ketones for lipogenesis and might explain the increased ketones observed in larvae fed HSD. Any or all of these metabolic disturbances could contribute to the toxicity of HSD feeding.
The transcription factor Mio/dChREBP clearly plays a central role in the regulation of the glucose and lipid metabolism of the animals exposed to caloric excess by HSD. On control diets, fat body-specific Mio/dChREBP mutants (cg-GAL4; UAS-Mio i ) grow and develop normally and don't exhibit increased hemolymph glucose concentrations compared with wild-type larvae (data not shown), suggesting that Mio/dChREBPdependent metabolism of dietary sugar is not essential under these conditions. The cg-GAL4; UAS-Mio i larvae are lean and do show reduced expression of lipogenic genes on a control diet (data not shown, Table S1 ). Therefore, an inability to store dietary glucose as TAG is deleterious only in the face of caloric excess.
On an HSD, lean, Mio/dChREBP-mutant fat bodies displayed features of general metabolic imbalance. Despite transcriptional upregulation of several lipases, ChREBP mutants had no increase in lipase activity and exhibited marginally reduced total NEFA. Mutants also increased expression of insulin signaling pathway components, yet growth was impaired. Ketones were dramatically reduced in Mio/dChREBP KD coincident with increased expression of enzymes involved in conversion of ketones into NEFA (Table 4 ). This might reflect that the Mio/dChREBP KD larvae consume ketones for the essential synthesis of lipids due to a diminished ability to use more direct paths from glucose to lipogenesis.
An evolutionarily conserved maximum TAG capacity model for T2D. Previously published work demonstrates that despite resulting in caloric excess, larval HSD consumption does not result in increased TAG per animal measured at the end of larval development, when TAG storage reaches its maximum (4). HSD-reared larvae contain a larger pool of stored lipids midway through development than controls, such that their capacity to further store lipids may be compromised (Table 1) . Growing evidence in other models suggests that storage of excess NEFA in adipose TAG may be protective against T2DM, an idea that challenges the current paradigm that obesity causes T2DM (57, 58) . Increasing fat storage in adipose tissue protects mice from T2DM (59, 60) , and animals that cannot store fat normally are insulin-resistant when fed normal diets (61, 62) . A number of studies in humans are also consistent with a maximum TAG capacity model for T2DM [reviewed in (63) ]. Gastric bypass surgery ameliorates T2DM (64), while liposuction does not (65) , suggesting that the capacity to store fat is important. PPARγ agonists act as insulin sensitizers, and these drugs increase adiposity while decreasing hepatic and circulating lipid levels, which is also consistent with a protective function for fat storage in adipose tissue (66) . In contrast, ectopic TAG accumulation in nonadipose tissues, such as muscle, liver, or blood, is associated with insulin resistance [reviewed in (67)].
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